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Abstract 
The aim of this study is to increase understanding of the relationship between RCF cracking and plastic deformation 
of the pearlitic microstructure. Following a multi-technical and multi-scale characterization of the worn rail surface, 
the multidirectional gradient of mechanical properties below the running band is studied with a microstructural point 
of view. In order to achieve the characterization of the running band and to quantify the influence of the 
microstructural/mechanical gradient on the global fatigue behavior, this experimental methodology has been based 
on the combination of several microstructural investigations by optical and scanning electron microscopy (FEG-
SEM) in both rolling and transverse directions, microindentation performed on the gradient profile and 
determination of quantitative data on the pearlitic aggregates through the gradient by Electron backscatter 
Diffraction (EBSD). Due to the severe plastic deformation, material experiences progressively work hardening and 
the pearlitic microstructure is modified. In the middle of the running band where the contact patch envelope is more 
frequent, the pearlitic colonies below the worn rail surface are fractured by accumulation of cyclic and severe shear 
strain. The resulting lamellar structure of ferrite and cementite is elongated and aligned in the direction of shear 
strain as the interlamellar spacing decreases. On the contrary, at both sides of the running band where the contact 
with wheel is rare, the surface is rougher, the pearlitic colonies remain unaffected and the lamellae are not oriented 
preferentially. The examination of the running band and the microstructure gradient by quantitative analysis will 
contribute to improve the modeling of rail failure by RCF by enabling to include microstructural data. 
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1. Introduction  
In modern railway networks, rolling contact fatigue (RCF) of rail steels is recognized as an increasing issue, which 
can lead to the spalling of the rail surface layer or even to the brutal rail failure. In any case, there are currently only 
preventive solutions such as rail grinding or renewal; consequently, it increases maintenance costs. It is established 
that RCF damage is caused by the rolling-sliding action of the wheel on the surface of the rail. Due to the heavy and 
cyclic contact loading, the microstructure undergoes severe plastic deformation which has been shown to be a major 
factor leading to RCF crack initiation. Bower and Johnson [1] found that plastic flow can reach a depth from a 
millimeter to 15 mm. By measuring the angle of microstructure deformation lines, Alwahdi et al. [2] estimated that 
a narrow shear zone of 50- 180 µm is produced by microroughness at the wheel/rail contacts, while hardness 
measurements enable to extend the depth of plastic deformation due to the bulk contact up to a depth of 1 – 10 mm. 
Depending on contact occurrences, the running band of the rail experiences different contact conditions. Simon et 
al. [3] divided the running band into longitudinal contact strips with various surface and subsurface morphologies in 
order to explain the squat defect formation mechanisms. In order to supplement previous analyses of the running 
band, an Electron Backscatter Diffraction (EBSD) method is conducted for quantitative analysis on the 
microstructural evolution in the near surface on a mesoscopic range. EBSD method was shown to be appropriate to 
characterize wear in sliding experiments and can be used as a central experimental method in combination with 
optical and SEM investigations [4]. 
2. Material 
The rail sample used was cut from a section of grade R260. The composition and mechanical properties of the R260 
steel are given in Table 1. The R260 rail is a pearlitic steel of eutectoid composition. Pearlite is a lamellar structure 
made of alternating of ferrite α (89%) and cementite (11%) phases which grow during the transformation of 
austenite to pearlite. Parallel ferrite and cementite lamellae form a pearlite colony. Nodules are constituted by 
different colonies which have impinged at an early stage in the transformation. Figure 1 shows respectively a) a 
micrograph of the microstructure and b) a schematic diagram illustrating the pearlitic microstructure [5]. These 
material properties and microstructure have been shown by Pointner [6] to have a great importance in for solving 
RCF problems, as they will evolve with the accumulated loading. Garnham and Davis [7,8] show with twin-disc 
tests that microstructural changes induced by compressive-shear and cyclic contact with facilitate RCF cracks 
initiation. 
 
 
Figure 1: a) FEG-SEM micrograph and b) schematic diagram from [5] showing the pearlitic microstructure 
 
R260 
Chemical composition (wt.%) 
C Mn Si P S Cr Al 
0.74 1.08 0.30 0.013 0.018 0.040 0.003 
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Mechanical properties 
UTS (MPa) 880  
Elongation (%) 10  
Hardness (HB) 260 - 300 
Table 1: Chemical composition and mechanical properties of the rail grade R260 
 
3. Metallurgical analysis 
3.1. Microstructural gradient in the rolling band 
Samples were sectioned in Rolling Direction (RD) and carefully prepared for metallographic investigations by 
optical and electron microscopy. Samples were mounted in conductive, bakelite resin (Polyfast ®) and ground 
mechanically on SiC grinding papers (320 to 4000 grit). Samples were then polished with diamond paste of 3 µm 
and 1 µm, rinsed with ethanol using cotton wool and were finally cleaned mechanically by ultrasound. To reveal the 
pearlitic microstructure, samples were etched with 1 % Nital during 5 seconds. 
Decomposition of the rolling band into longitudinal strips proposed by Simon is adopted in this work in order to 
analyze the microstructure evolution. Figure 2 shows optical micrographs taken respectively from a) strip II, b) strip 
III and c) strip IV. 
 
   
Figure 2: Longitudinal rail cross-sections from a) strip II, b) strip III and c) strip IV obtained by optical micrograph 
 
Cracks initiation and presence of white etching layer (WEL) is observed in the middle of the rolling band (strip III, 
IV). At the opposite, any microscopic evolution can be seen at the edge of the rolling band (strip I, II, V). 
 
The pearlitic microstructure was observed using a Field Emission Electron Gun – Scanning Electron Microscope 
(FEG-SEM) ZEISS Sigma at 10 keV. Figure 3 shows scanning electron micrographs taken respectively from a) strip 
II, b) strip III and c) strip IV. 
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Figure 3: Longitudinal rail cross-sections from a) strip II, b) strip III and c) strip IV obtained by optical micrograph 
 
The pearlitic microstructure observed in Figure 3 a) seems to be unaffected. Colonies with different lamellae 
orientation are visible in the near surface of the rail. Similar observations can be done in strip I and V, where contact 
conditions are not frequent. In the middle of the rolling band (strip III and IV), the microstructure seems to have 
been much more affected by the contact conditions. In strip III (see Figure 3 b)), the pearlitic colonies are hardly 
discernible as ferrite and cementite lamellae are aligned in the rolling direction. Cracks initiate at the rail surface and 
propagate along the oriented lamellar structure. In strip IV (see Figure IV),patch of White Etching Layer are 
observable below the rail surface. No lamellae can be distinguished in this nanocristalline structure. Cracks are seen 
to initiate in the WEL and to propagate at the interface with the deformed pearlitic microstructure, as previously 
simulated with twin-disc test [9]. 
3.2. Microstructural gradient in depth 
To supplement previous observations by quantitative data, Electron Backscatter Diffraction has been used to 
characterize the microstructural gradient in depth. EBSD analysis has been performed with an AMETEK-EDAX 
detector integrated in a Field Emission Electron Gun – Scanning Electron Microscope (FEG-SEM) ZEISS Sigma. 
At the electron beam acceleration voltage of 25 kV and a working distance of 20 mm, the TSL OIM Data Collection 
SoftwareTM enables to record the Kikuchi patterns created by inelastic scattering of electrons in the specimen tilted 
at 70°. For the fine analysis of the rail, a step size of 0,15 µm is chosen, in comparison with the interlamellar spacing 
of 0,35 µm. A high quality sample preparation is needed to analyze the microstructure evolution at the interlamellar 
spacing scale and near the rail surface. Only the ferrite phase was indexed, as cementite could not be indexed. A 
combination of color code for the crystal direction orientation (IPF) and image quality (IQ) in grey scale was used as 
presented in [10] in order to study both crystallography and pearlitic microstructure evolution. Figure 4 shows an 
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example map in which both crystallographic orientation and cementite lamellae are detected. 
 
 
Figure 4: EBSD map of the pearlite microstructure 
 
Areas of 100 µm (ND) x 50 µm (RD) were analyzed and maps showing Orientation image analysis Inverse Pole 
Figure (IPF), Image Quality (IQ) and Kernel Average Misorientation (KAM) based on the raw data were obtained 
by using the OIM analysisTM software. Several orientation image maps were taken at different depths in the same 
longitudinal section, corresponding to the strip III at the center of the rail. Figure 6 shows the result of two different 
maps taken respectively just below the rail surface (Fig 6 a) and at a depth of 6 mm (Fig 6 b). 
 
 
Figure 5: EBSD Orientation images of the rail in the middle of the rolling band (strip III), a) below the rail surface and b) at a depth of 6 mm 
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The map taken at 6 mm below the rail surface shows a pearlitic microstructure in which several undeformed nodulus 
and colonies can be observed. Cementite lamellae are not preferentially oriented. The crystallographic orientation is 
globally iso-oriented in each colony. There is few degree of misorientation within each colony. This microstructure 
is similar to the microstructure observed in the new rail. By comparison, the map taken just below the rail surface 
has a very different structure. This map shows a crystallographic rearrangement in the microstructure. No more 
pearlitic colonies or nodulus can be observed but the microstructure has rather a lamellar structure. The pearlitic 
colonies are fragmented and the lamellar microstructure is spatially reoriented in the rolling direction. The lamellae 
are oriented parallel with each other and to the running surface. These spatial and crystallographic reorientations are 
both showing the colonies fragmentation due to the severe plastic deformation of the microstructure near the rail 
surface. 
 
Depth of colonies fragmentation 
 
Further analysis has been done in order to characterize the evolution of microstructure in depth. Several maps have 
been taken incrementally in depth between the near surface and a depth of 8mm. Two parameters provided by the 
EBSD measurement were chosen for a quantitative analysis of the microstructure gradient in depth: the Confidence 
Indice (CI) and the Kernel Average Misorientation. 
The Confidence Indice of each indexed point gives an indication about the quality of indexation and lies between 0 
and 1, 0 corresponding to a poor quality of indexation and 1 to an excellent quality of indexation. Figure 6 shows the 
evolution of the mean confidence indice for each image with the depth of scan. 
 
 
Figure 6: Evolution of the mean Confidence Indice per image with the depth of scan 
 
Figure 6 shows that Confidence Indice has a steady state value of around 0.80 in depth. A progressive decrease of 
the mean CI is observed near the rail surface, where it reaches a minimum value of 0.50. In general, lower value of 
Confidence Indice can be attributed to strain of microstructure. The evolution of CI consequently gives qualitative 
information about the gradient of microstructure below the rail surface. Yet, different parameters such as sample 
preparation can also affect the Confidence Indice. 
 
The Kernel Average Misorientation (KAM) evolution in depth has also been studied in order to provide a more 
quantitative analysis of the microstructure gradient. The KAM parameter is obtained for each indexed point by 
calculating the average misorientation between the point and its neighbors. Other studies [11,12,13] have also used 
the KAM parameter in order to study the misorientation evolution in depth. These studies were done with a step size 
of scan (1m) greater than the microstructural scale, which in our case is the interlamellar spacing (0,3 µm). 
Consequently, this evolution could not be linked directly with the evolution of microstructure. The mean KAM was 
found to decrease in the rail depth and to reach a steady state value similar to an undeformed rail. The evolution of 
Kernel Average Misorientation for each scan is shown in Figure 7. For each scan, the region of interest (ROI) is 
divided into 5 intervals of KAM between 0° and 65° of misorientation, the [0°-4°] and [10°-65°] intervals 
corresponding respectively to small angle grain boundaries (SAGB) and large angle grain boundaries (LAGB). 
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Figure 7: Evolution of KAM maps with depth in the middle of the running band (strip III) 
 
For the scans taken deeper than the transitional area, most part of the area is composed of few misoriented points (< 
4°). The highly misoriented points correspond mostly to pearlite boundaries. In some areas, a high misorientation is 
also detected at the cementite/ferrite transition, as ferrite and cementite do not have the same crystallographic 
structure. The orientation relationships between the body centered cubic structure of ferrite and the orthorhombic 
structure of cementite are described by the Bagaryatsky, Pitsch-Petch and Isaichev orientation relationships. For the 
scan taken just below the rail surface, the area consists in both highly and low misoriented points. As previously 
described, the microstructure is severely deformed and the pearlitic colonies are fragmented at this depth. The highly 
misoriented points characterize the severe shear strain undergone by the microstructure which leads to grain 
refinement. 
 
In order to quantitatively characterize the microstructure evolution in depth, the relative percentage of 
misorientation per interval was calculated for each scan. The evolution of relative percentage of KAM per interval is 
plotted as a function of the depth in Figure 8. 
 
 
Figure 8: Evolution of KAM intervals per map with depth in strip III 
 
Figure 8 shows a strong evolution of misorientation in depth. Near the rail surface, a large increase of high 
misorientation (> 10°) can be observed from 5% to as much as 40 % of the surface map compared to the 
undeformed microstructure in depth from 6 mm. At the opposite, small misorientation (< 4°) area fraction decreases 
in the near rail surface, from around 95% in depth to 55% just below the rail surface. Few areas of misorientation 
between 4° and 10° (<5%) are observed in the microstructure, neither in depth nor at the surface. The misorientation 
gradient tends to reach a steady state below 4 – 5 mm. Ekberg and Kabo [14] reported that a depth of approximately 
3 mm corresponds to the largest shear stress range which occur in rail. As an increase of large angle grain 
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boundaries (LAGB) can be related to microstructure plastic deformation, this analysis shows the fragmentation of 
the pearlitic microstructure near the rail surface and gives quantitative information about strong the gradient of 
microstructure in depth.  
4. Hardness measurements 
Strain hardening of the rail head has been examined by micro-hardness testing. Hardness measurements of the rail in 
the transverse direction were carried out with a LECO M-400 micro-hardness tester with a load of 100g (HV0.1). 
Micro-hardness indents were done between 30 and 8000 µm below the rail surface with an increment of 60µm in 
order to ensure a sufficient spacing between each other. Five micro-hardness profiles were plot at different 
transverse positions corresponding to the longitudinal strips. These profiles are compared to a new rail profile to 
characterize both the transversal and in depth gradient of mechanical properties of the worn rail (see Figure 9). 
 
 
Figure 9: Rail hardness evolution with depth 
 
The new rail and the worn rail have a hardness of 253 HV and 263 HV respectively. For the worn rail, an increase in 
hardness can be noticed in the near surface of the rail head for each strip. Yet, the increase of hardness is 
inhomogeneous along the transverse direction. In the outer sides of the rolling band (strip I and V), the hardness 
increases slightly below the surface of around 1.1 times the bulk rail hardness and decreases quickly in depth. In the 
middle of the rolling band (strip II-2, III, IV), the increase of hardness is greater and gets up to 1.9 times the bulk 
rail hardness with a slow decrease in depth. This increase in hardness indicates the work hardening of the rail head 
which varies along the rolling band depending on the envelope of potential contact ellipses. The strong increase in 
hardness just below the surface of strip II.2 and IV also reveals the presence of two WEL flakes, which can be 
observed by optical microscopy. The hardness progressively decreases with depth and reaches a stabilized bulk rail 
hardness respectively at 0,3-1 mm and 3-6 mm for the outer sides and the middle of the rolling band. The micro-
hardness measurements enable to characterize the work hardening which is induced by the severe strain of the 
microstructure in the near surface. These results show the differences of evolution between the longitudinal strips of 
the rolling band and a greater depth of deformation estimated by micro-hardness test than by optical microscopy. 
ll authors are required to complete the Procedia exclusive license transfer agreement before the article can be 
published, which they can do online. This transfer agreement enables Elsevier to protect the copyrighted material for 
the authors, but does not relinquish the authors’ proprietary rights. The copyright transfer covers the exclusive rights 
to reproduce and distribute the article, including reprints, photographic reproductions, microfilm or any other 
reproductions of similar nature and translations. Authors are responsible for obtaining from the copyright holder, the 
permission to reproduce any figures for which copyright exists. 
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5. Conclusions 
In the present work, severe plastic strain accumulation within the rail produced by ratchetting mechanism has been 
studied following a multi-technical characterization of the surface of a worn rail. Investigations in the rail depth and 
along the transversal direction have been performed on the running band of a used rail which has been in service on 
the RATP network. The main results of this study show the plastic deformation of the rail head. In the middle of the 
running band, the severe contact conditions tend to severely strain and fracture the pearlitic microstructure, resulting 
to the alignment of the lamellae in the direction of shear. In this area, a strong increase of large angle grain 
boundaries (LAGB) has been measured by EBSD analysis below the rail surface, inducing that a new lamellar 
microstructure is formed. Fragmentation of the pearlitic colonies has been quantified near the surface up to 4 mm at 
the center of the rail, supporting the idea that plastic flow can reach a depth of few millimeters. At both sides of the 
running band, the analysis shows that the surface is rougher and the pearlitic colonies remain unaffected as the 
wheel/rail contact is less frequent. Microindentation analysis also shows that the hardness of the rail increases at the 
surface in the middle of the rolling band, as the material experiences progressively work hardening. The 
combination of optical, electron microscopy, EBSD analysis and micro-hardness depth profiles enabled to 
characterize and give quantitative information on the strong gradient of microstructure in depth. This tridimensional 
gradient of microstructure could facilitate crack initiation and propagation along the lamellar microstructure. By 
enabling to include microstructural data, this study will contribute to improve the modeling of rail failure by RCF. 
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